Abstract. The electrodeposition of Ni-Co alloy from a nickel Watt's solution in the absence and presence of a permanent parallel magnetic field (PPMF) to the plane of deposition (perpendicular to direction of current) produced a deposited layer with mostly fine grain structure. The deposited layers have been characterized by scanning electron microscopy (SEM) and energy dispersive X-ray (EDX). It was found that the mass deposition rate with PPMF was greater than the deposition in the absence of PPMF, where the rate of difference electrodeposited mass (Δm) was calculated (Δm = 0⋅07 to 0⋅12 mg cm
Introduction
Alloy deposition of two or more metals has been carried out to improve properties such as grain size, hardness and corrosion resistance than the parent metals. The deposition of face centered cubic (FCC) Ni-Co alloy coatings has been widely used for recorder head materials in computer hard drives and in surface finishing industries for items such as printed circuit boards, wear resistant coating, corrosion resistance layers, electroformed laser mirrors and decorative coating.
1,2 During alloy deposition, anomalous behaviour can arise when the less noble metal (cobalt) is preferentially deposited compared to the more noble metal (nickel). This phenomenon was described and classified by Brenne. 3 
Hessami and Tobias
4 developed a mathematical model for the mass transfer equations where they explained pH influence on the deposition rate. Plieth and Georgiev 5 purposed that the enhanced deposition factor is related to the kink site position. Furthermore, an applied PPMF has a large influence on the mass transport and the deposit morphology. [6] [7] [8] [9] In the absence of permanent perpendicular magnetic field (PPMF), the mass transport factors which can control the electrode process are diffusion, ionic migration and convection (natural and forced). With the application of a PPMF, forces such as paramagnetic force ( ), F P field gradient force ( ), 
10
Three types of forces which depend on the interaction of the current or movement of ions with the magnetic field are the Lorentz force ( ),
and the magnetic damping force ( ),
while the other two depend on properties of the ions in a magnetic field. The Lorentz force ,
is a product of the current density which flows perpendicular to the magnetic field.
9,10 The Electrokinetic force
is from the effects of the Lorentz force on the charge density in the diffusion layer which gives rise to a non-electrostatic field parallel to the working electrode surface which induces motion of the solution near the interface. σ d is the charge density in the diffuse layer, E ║ is the induced non-electrostatic field and δ o is the diffusion layer thickness. The magnetic damping force results from the damping of the flow of the ions, and ,
where B ν × is the electrostatic field from the interaction between the current and the magnetic field, and σ is the solution conductivity.
The Paramagnetic force
is caused by the difference of paramagnetic susceptibility which arises from the concentration gradient of the paramagnetic ions in the diffusion layer. The field gradient force,
arises from the non-uniformity of the magnetic field, where B is the magnetic field strength, c is concentration, B ∇ is the magnetic field gradient, c ∇ is the concentration gradient and μ o is the permeability of free space.
Thematically, these two forces F P and B F depend on magnetic moment (μ) and molar susceptibility (χ m ) of elements which are related to the number of unpaired valence electrons. The magnetic moments for metal ions has shown by Carlin.
10 The field gradient force B F and Paramagnetic force F P depends on the magnetic susceptibility of the atoms or ions. From elementary theory of magnetochemistry, the magnetic susceptibility can be expressed as, χ m = Nμ o μ 2 /3kT, where N is the number of molecules per unit volume, μ is the magnetic moment of the atom or ion, μ o is the magnetic permeability of vacuum, k is Boltzmann constant and T is absolute temperature. 11 The molar susceptibility (χ m ) for paramagnetic (χ m > 0) and diamagnetic (χ m < 0) materials is maximum if the applied PPMF is perpendicular to current density and vice versa. 10 In the present study, the paramagnetic ions such as nickel and cobalt were chosen to the co-deposition of Ni-Co alloys on a diamagnetic substrate such as copper. This paper investigates the electrodeposition of paramagnetic ions (Ni and Co) to produce Ni-Co alloy with an applied PPMF and without a PPMF and investigates the alloy properties from those two conditions of electrodeposition.
Experimental
The electrodeposition of Ni-Co alloys in the absence and presence of a PPMF was carried out on copper substrates (0⋅01 × 1 × 2 cm) using an electrochemical cell with a conventional Nickel Watt's solution given in table 1. The pH was adjusted to 4 ± 0⋅1 by adding sulphuric acid. Current density was maintained at 75 mA cm -2 with temperature between 50 and 55°C. The electrochemical cell made from Teflon (10 × 6 × 3 cm) which was used for electrodeposition of Ni-Co in the presence and absence of PPMF is shown in figure 1 . Two copper plates held back to back was at the same distance to the nickel anodes in which one of them faced the magnetic field, and another away from the magnetic field. The distance between the cathode and nickel anode was 4⋅5 cm. A permanent magnetic field (4⋅4 T) was placed perpendicular to current flow between the anode and cathode and parallel to the ) to the electrodeposition of Ni and Ni-Co alloy at the presence and absence of PPMF.
Sample
Component salts Concentration (g l surface of the cathode. Before electroplating, copper plates were chemically polished by immersion into an acid mixture of HCl, H 2 SO 4 , CrO 3 and HNO 3 for a few seconds and then rinsed with distilled water. The mass Ni-Co alloy electrodeposited layers were calculated from the difference of mass before and after electrodeposition on the copper plates.
The Ni-Co electrodeposits were analysed using energy dispersive X-ray (EDX) system INCA energy 400). The Ni-Co electrodeposited is analysed from an X-ray diffraction (D 8 -Advanced XRD) set using a CuK α radiation with wavelength 1⋅540 Å. Corrosion measurements were done using FRA software Autolab PGSTAT-302N. The seawater of 3⋅5% salinity was used as the corroding solution in the corrosion process.
12 Platinum wire and saturated calomel electrode (SCE) were chosen as the counter and reference electrodes. The solution was carefully de-aerated from oxygen before corrosion measurement with nitrogen. In electrochemical impedance spectroscopy (EIS) measurements, the frequency range was set between 10 kHz and 0⋅01 Hz. The surface ratio of counter and working electrodes were set at 1 : 1 in the corrosion process.
Results and discussion

Mass deposition rate
Electrodeposition rate is the amount of metal deposited (g) per unit time (t).
3 Electrodeposition rate depends on many factors such as electric potential, electrode parameters (material, surface state, shape, etc.) and electrolyte parameters (composition, concentration, conductivity, pH, etc.).
13 Several investigators have reported that the electrodeposition of cobalt [14] [15] [16] [17] [18] and nickel [19] [20] [21] are mass transport controlled. Based on this the electrodeposition of nickelcobalt alloy under magnetic field in this work is also under the influence of mass transport. Convection can enhance the deposition rate through the mechanical agitation of the electrolyte. Convection can also be increased with an applied magnetic field during electrodeposition. The Lorentz force ( L F ), is generated from the interaction of a permanent magnetic field perpendicular to the current flow. ) in nickel Watt's bath. In figure 2 , the difference in mass electrodeposition rate Δm (with and without PPMF), was calculated having a range from 0⋅07 to 0⋅12 mg cm
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Cobalt is one of the elements that have excellent ferromagnetic properties. 10 Using a Co concentration of 8⋅9 g l -1 in the Ni Watt's bath, EDX results gave 45 and 40% Co content in the Ni-Co alloy in the presence and absence of a PPMF, respectively. While Ni 2+ and Co 2+ are both double charged ions and thus will experience almost the same Lorentz force which enhance the deposition of Ni and Co to the same extent. Because of the larger magnetic moment of Co compared to Ni, the Field Gradient force F B and Paramagnetic force F P will become larger for Co than for Ni, thus increasing the Co content in the electrodeposited Ni-Co alloy in the presence of a PPMF. Table 2 gives the Electrodeposition efficiency with different contents of cobalt in Nickel Watts bath. The current efficiency for Ni-Co electrodeposition can be calculated from the Faraday's law 0  97⋅9  93⋅8  4⋅5  90⋅1  81⋅8  8⋅9  90⋅6  81⋅6  13⋅2  87⋅5  79⋅3  17⋅4  87⋅5  78⋅6  21⋅6 86⋅5 77⋅6
where m = mass of electrodeposition/g, t = electrodeposition time/s, A = surface area of deposition/m 2 , n = number of electron involved in reduction of nickel and cobalt ions, F = Faraday constant/C mol -1 , j = current density/A m -2 , M = average molar mass of nickel and cobalt is 58⋅8 g mol -1 and φ is the electrodeposition efficiency, (m/tA) is also the mass electrodeposition rate.
From table 2, it can be seen that electrodeposition of Ni-Co alloys have higher current efficiencies in the presence of a magnetic field compared to the behaviour without a magnetic field for every concentration of cobalt in nickel Watts bath. The hydrogen evolution reaction (HER) was increased with PPMF but the increasing of HER is not much as the increasing of metals on the electrode surface. In mildly acidic solution, the HER can arise from these reactions at the cathode:
Electrodeposition of Ni-Co is much enhanced compared to the HER because some of the HER comes from the water molecules which does not carry charges, so the water molecules does not experience Lorentz force and Paramagnetic force with the presence of a magnetic field. The proton carries a single positive charge which experiences a smaller Lorentz force compared to the Lorentz force experienced by the nickel and cobalt ions which both are double charged ions. The paramagnetic force which is much larger for the nickel and cobalt ions makes the electrodeposition of Ni-Co alloys have higher current efficiencies with the presence of magnetic field compared to the HER.
SEM and EDX analysis and characterization of Ni-Co alloys
Deposited Ni-Co alloys were also investigated using SEM and EDX. From EDX analysis, it was discovered that the electrodeposition of cobalt was enhanced compared to nickel despite concentration of Co is lower than the amount of nickel in Watt's bath (0 to 5%). using Ni Watt's solution in alkaline medium with the absence and presence of a magnetic field respectively. At this stage, it cannot be determined exactly the effect of an applied magnetic field towards the crystallite sizes of the Ni-Co alloy from the SEM micrograph alone. But other workers 18, [25] [26] [27] have reported that an applied magnetic field gave larger crystallite size for cobalt electrodeposition because of an increased mass transport. They also reported that holes on the surface of the cobalt deposit from the effect of hydrogen evolution reaction had disappeared with the application of a magnetic field.
14,16-18
An increased mass transport of cobalt ions have diminished the effect of hydrogen evolution reaction under magnetic field which gave larger cobalt crystallites, prevented the appearance of holes attributed to hydrogen evolution reaction and gave more dense cobalt deposits.
X-Ray diffraction (XRD) studies
The Ni-Co fabricated film characterized via the Xray diffraction (XRD). Ibro et al 18 have attempted to where λ = 1⋅540 Å is the wavelength, full width at half maximum (in radians), l is the grain size/nm Figure 6 . AC corrosion analysis method (Nyquist plot); through the polarization resistance (R p ) via magnitude of semi circle diameter; (a) the increasing R p with increasing Co content in Ni-Co Alloy; (b) the increasing of semi circle diameter through presence of PPMF (4⋅4T) compare with the absence of PPMF for Ni-Co alloy deposited in same concentration of electrodeposition bath.
and θ c is the angle satisfying Bragg's law. However, the determination of grain size and strain for alloy compounds are complex via data of XRD. 27 It is depended to fraction on compounds in alloys. The texture and morphological changes of Ni-Co deposited layers were carried out due to the influence of PPMF to the electrode surface induced a convective solution flow in electrode's vicinity, decreasing the thickness of Nernest layer. Koza et al 28 has shown the size of hydrogen bubble crucially reduced with PPMF hence the area could be enlarged for nucleation of metals on the electrode surface.
Corrosion measurements
Dissolution of Ni-Co deposited alloys was investigated in 3⋅5% seawater salinity. 12 The general trend of the impedance measurements is in agreement with expectation, as the Polarization resistance (R p ) is smaller for lower Co content in Ni-Co alloys deposited with a presence of PPMF as shown in figure  6a and larger R p values for Ni-Co alloys deposited with a presence of PPMF than without a PPMF as shown in figure 6b. Table 3 presents the polarization resistance R p values for different Ni-Co alloys.
From the Nyquist plots, the best fitting (figure 6) was carried out when double layer capacitance was replaced with constance phase element (CPE). These results indicated that the substrate surface was not smooth.The double layer capacitance can be represented by a CPE, where,
where n is a number between 0 and 1. The CPE n value from the FRA software were found to be in ranges of 0⋅71-0⋅75, which is in agreement for a rough surface area. 
Conclusion
The influence of various concentration of Co on electrodeposition of Ni-Co alloys was studied in the absence and presence of PPMF (Δm = 0⋅07 to 0⋅12 mg cm -2 min -1 ). PPMF has increased the rate of metal electrodeposition. Both Ni 2+ and Co 2+ are doubly charged ions and will experience Lorentz force in solution in the presence of a PPMF, hence causing convection which increases mass transport and the rate of electrodeposition. With the presence of PPMF, cobalt electrodeposition rate was clearly enhanced compared to nickel in the Ni-Co alloys (0 to 5%), due to larger magnetic moment for cobalt, which an increase in the field gradient force and paramagnetic force for the Co 2+ ions in solution. Corrosion measurements showed that the electrodeposits of the Ni-Co alloys in the presence of a PPMF have larger polarization resistance R p , than without the PPMF, and the increase in the Co content in the Ni-Co alloys gave larger polarization resistance. Increased current efficiencies were also seen for electrodeposition of Ni-Co alloys with the presence of a magnetic field compared to without a magnetic field.
